ABSTRACT As a new intelligent manufacturing model, the Internet of Manufacturing Things (IOMT) based on the Internet of Things technology has a large amount of random, fuzzy, and uncertain information, which makes the optimization of manufacturing services face challenges. On the basis of fully considering the uncertain factors in the process of manufacturing service, a quality of service (QoS) optimization method based on mixed information axioms is proposed to solve the optimization problem of manufacturing service in the IOMT environment. The mixed uncertainty model is expounded with random variables to express the range of system and fuzzy variables to describe the design range. In order to select the best resource or sort, the fuzzy mathematics and the axiomatic theory of axiomatic design theory are combined to evaluate the coexistence of ambiguity and randomness of the QoS. Finally, the process of treatment and optimization in practical application by taking the example of a hydraulic pump product seeking service through the civil aircraft IOMT service platform is described. This example is given out to demonstrate the effectiveness of the proposed method by comparing with the traditional information axiom method, and this method extends the application scope of traditional information axioms.
I. INTRODUCTION
With the development of the new information technology, such as cloud computing [1] , [2] , internet of things [3] , and big data [4] , [5] , the new round of industrial revolution has fundamentally changed the manufacturing industry. The new intelligent manufacturing has become the main direction of Made in China 2025 [6] , [7] . Internet of Manufacturing Things (IOMT), a new model of intelligent manufacturing, emerges [8] . Bi et al. [9] explored the relation of IT infrastructure and Enterprise Systems to identify the technological gaps in adopting IoT as an IT infrastructure for Enterprise Systems of modern manufacturing. Wan and Liao [10] established a technical framework of the active perception for critical events in IOMT based manufacturing process. Shariatzadeh et al. [11] presented a IoT platform and a generic framework of the digital factory. At present, the researches of IOMT focus on architecture and key technologies. According to [12] , IOMT which integrates Internet of things technology and advanced manufacturing technology is essentially service oriented networked manufacturing to realize dynamic perception, intelligent processing and optimal control of manufacturing resource information and product information. In the face of a large number of services that have the same or similar functions on the network platform, how to select the best manufacturing service in time is one of the key problems in IOMT.
Reference [13] defines Quality of Service (QoS) as a set of non-functional attributes, representing the quality information of the service, such as response time, cost, reputation, success rate, and so on. Since QoS can well distinguish the differences between services, service can be optimized on the measurement of QoS. QoS optimization is essentially a multi-attribute decision problem. The essence of multiattribute decision making problem is to use the existing decision information to select the best of the limited alternative sets by specific methods. At present, the popular methods in engineering practice include analytic hierarchy process, network analysis, fuzzy comprehensive evaluation method, Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), and VlseKriterijumska Optimizacija I Kompromisno Resenje(VIKOR) [14] .
Hu et al. [15] proposed a model based on fuzzy analytic hierarchy process (FAHP) and Multi-QoS based Local Optimal Model of Service Selection (MLOMSS) to choose the best service. He and Zhu [16] proposed a method to evaluate the QoS of cloud manufacturing by calculating the similarity between service providers and demand expectation by triangular fuzzy number algorithm according to the project coordination. Zhang et al. [17] combined linear programming and TOPSIS to solve the multiple attribute decision making problem with partially known attribute weight information under hesitant fuzzy environment. Zhu et al. [18] presented a systematic evaluation method by integrating AHP and VIKOR based on rough numbers to evaluate design concepts under subjective environment. Xu [19] proposed presented a triangular fuzzy number type multi-attribute decision method based on similarity degree with preference information on alternatives to sort and optimize the decision plans. The above researches have the following problems:
x There are limitations in decision-making problems with uncertain attribute values; y The weight of index depends on the knowledge and experience of the experts, and is too subjective.
Under the premise of the independent axiom, the information axiom can optimize the services according to the information content without decision-makers to determine index weights. It provides new ideas and methods for such multi-attribute optimization problems.
Tong et al. [20] proposed a multi-attribute fuzzy optimization method based on information axiom and rough set theory. This method was used to evaluate the grid resources quantitatively and select the best resources. Zhang et al. [21] established a zigzag mapping model between target domain and target domain to improve the design scheme evaluation method according to the principle of axiom design. Cengiz et al. [22] extended the ordinary fuzzy information axiom to intuitionistic fuzzy sets which attempt defining a fuzzy set. The index of traditional information axiom can only indicate the definite attribute value. However, the IOMT model had its challenges in dealing with massive data, heterogeneity environment and real-time changes [9] , These challenges will cause the instability of service performance, which is mainly manifested by the uncertainty of QoS data. The randomness and fuzziness are important characteristics of uncertainty cognition, and the uncertainty of QoS data is mainly reflected in these two aspects: x The volatility of QoS data; y Some attributes of QoS are subjective, such as credibility, which is a vague concept without definite evaluation boundaries. The change of adjacent level is a gradual and continuous process in microcosmic, resulting in fuzzy fluctuation of data. The first problem to be solved is how to model a variety of uncertainty evaluation indexes, to make the indexes can reflect randomness and fuzziness of data. The second problem is how to calculate the information content for mixed uncertainty indexes. In view of the above difficulties, a multi-attribute optimization method based on mixed information axiom is proposed, and the calculation method for the information content is given based on fuzzy simulation method.
In the next section, the modeling of evaluation index under uncertain conditions is established. The information content algorithm based on mixed information axiom is proposed in Section III. QoS optimization of IOMT service based on mixed information axioms and an application instance are discussed separately in Section IV and Section V. Finally the future work will be pointed out.
II. MODELING OF EVALUATION INDEX UNDER UNCERTAIN CONDITIONS
A. PRINCIPLES OF AXIOMATIC DESIGN [23] - [25] (1) The first design axiom is the independence axiom: The independence axiom states that the independence of functional requirements (FR) must always be maintained.
(2) The second axiom is the information axiom: The information axiom states that among those designs that satisfy the independence axiom, the design that has the smallest information content is the best. For a given functional requirement FR i , the information content I i is defined as:
Where P i is the probability of the functional requirement FR i , determined by design range and system range. The design range is the designers' expectations, and the system range is the actual reflection of the index after implementation. The overlap range of design range and system range is common range, as shown in Fig. 1 .
Therefore, the probability of the functional requirement and the information content can also be expressed as:
When FR i is a continuous random variable and the information content can be expressed as
Where f (FR i ) is the system probability density function (pdf) for FR i . dll is the lower bound of design range, and dul is the upper bound of design range. The design range, system range and common range of the continuous random variables are shown in Fig.2 .
When design range and system range are fuzzy variables, fuzzy variables need to be transformed into corresponding membership descriptions, and information content can be expressed as
fuzzy design range ∩ fuzzy system range fuzzy system range (
The design range, system range and common range of the fuzzy variables are shown inFig.3. If there are n independent FRs, the total information content is expressed as:
B. MODELLING OF MIXED UNCERTAINTY INDEX
Due to the challenges in dealing with massive data, heterogeneity environment and real-time changes in the IOMT environment, a manufacturing-oriented platform based on IOT technology is needed to provide manufacturing services and process control, so as to realize the optimal configuration of services. The frame structures of the IOMT a is shown as Figure. 4. For the application of information axiom under intelligent manufacturing platform, according to the fuzziness and randomness of the index, four kinds of evaluation indexes are put forward, which are deterministic, fuzzy, random and mixed uncertain. The deterministic and random indexes can be expressed as a uniform probability density function, and the information content is calculated according to (4) . For mixed uncertain index, it is difficult to calculate directly based on (3). Therefore, a mixed information axioms which extends the application scope of traditional information axioms is proposed. The information content of the mixed uncertainty index is defined as:
WhereÃ 1 andÃ 2 are fuzzy numbers.
III. INFORMATION CONTENT ALGORITHM OF MIXED INFORMATION AXIOM
In order to calculate the information content of the mixed uncertain index, the fuzzy simulation is used to convert the integral with the upper and lower bound of fuzzy number into the weighted sum of the exact number integral of the discrete points within a series of fuzzy numbers.
A. DEFINITIONS [26] Definition 1: Let ξ be a function from possibility space {θ, p (θ ) , Pos} to the set of real number R, so ξ is called a fuzzy variable. Definition 2: Let ξ be a fuzzy variable of possibility space {θ, p (θ ) , Pos}, so ξ α is called α-level set of ξ . ξ α is defined as:
Definition 3: Let ξ be a fuzzy variable of possibility space {θ, p(θ ), Pos}, so the function µ (x) is derived from the possibility measure and called membership function ξ . µ (x) is defined as:
B. CALCULATION OF INFORMATION CONTENT BASED ON FUZZY SIMULATION
Fuzzy simulation [13] has advantages in dealing with uncertain functions with fuzzy parameters. According to the definition 3, on the basis of the membership degree of the discrete points, the function values are weighted, and the membership degree of each discrete point is normalized, which is set as the weight of each discrete point. Using the simulation method of fuzzy variable expectation, the probability of achieving p is weighted. Finally, the total information content of the index is calculated. The process is listed as follows [26] .
Step 1: Discrete fuzzy variable
Step 2: Calculate p (x i ).
Step 3: Design the function F (y).
Step 4:
Step 2 and Step 3 are synthesized to obtain the index success probability
Step 5: Calculate the index information
C. THE ALGORITHM PROCESS OF INFORMATION CONTENT OF MIXED UNCERTAINTY INDEX
Under the mixed uncertain condition, the upper and lower bounds of common range of indexes are fuzzy variables, as shown in Fig.5 . Indexes require parameters to be in a certain interval, and its common range is generally expressed as A 1 , A 2 . Among them, A 1 and A 2 are fuzzy numbers. The algorithm process of this kind of index information content is as follows [27] .
Step 1: Determine the probability distribution function of random variables f (x).
Step 2: Determine the membership function µ A 1 (x), µ A 2 (x) of the upper bound A 1 and the lower bound A 2 of design range, and calculate its α-level set (
Step 3: Select a series of discrete points randomly in the interval [a 1 
Step 5: Calculate the successful probability of random variables, which is represented by the sum of weighted probabilities of M intervals as:
Step 6: Calculate the information content of random variables:
IV. QoS OPTIMIZATION OF IOMT SRVICE BASED ON MIXED INFORMATION AXIOMS A. QoS QUANTIFICATION OF IOMT SERVICE
According to the characteristics of IOMT services and resources, the concept and quantitative definition of five QoS evaluation indexes are proposed. These indicators include cost, response time, task completion rate, resource reputation and resource flexibility. These indicators include both quantitative and qualitative indicators and mixed uncertainty indicators. Therefore, QoS of IOMT service resources based on the mixed information axiom on the third section is quantified. The service set provided by the IOMT service platform is MS = {S 1 , S 2 , . . . , S m }, and the manufacturing resources set included by each service is MR = {r 1 , r 2 , . . . , r n }. QoS optimization can be represented by the following resourceservice matrix. (1) The attribute set related to cost: cos t defined as the service price of the q ij resource, composed of service quotes c service and logistics costs c logistics .
cos t = c service + c logistics (13) (2) The attribute set related to time: time is defined as the response time of the q ij resource and consists of three parts: request time t response , local task running time t operation and logistics time t logistics . time = t response + t operation + t logistics (14) (3) The attribute set related to task completion rate: this paper measures task_completion by the failure rate of a completed task and it is defined as the ratio of the number of completed service failures to the total number of calls of the q ij resource.
task_completion =
Num fail Num fail + Num suc (15) The Num fail is the number of failures and Num suc is the number of successes.
(4) The attribute set related to the reliability and flexibility of resources: reputation and flexibility are mainly derived from the evaluation and experience accumulation of users of the intelligent manufacturing service platform, with mixed uncertainties. 
B. OPTIMIZATION PROCESS
The optimization of service resources through intelligent manufacturing platform based on mixed information axioms is mainly to calculate the information content of alternative resources of each QoS attribute index to evaluate the resources. The optimization process is as follows.
Step 1 (Determine the Object to Be Evaluated): Set up QoS attribute index set q k = {q 1 , q 2 , q 3 , q 4 , q 5 }, 1 ≤ k ≤ 5 which corresponding to cost, response time, task completion rate, resource reputation and resource flexibility.
Step 2: Determine the type of the indexes, quantitative indexes using formula (1) - (4), fuzziness index, calculated by using (5), the mixed uncertainty index is calculated by using the mixed index algorithm mentioned above.
Step 3: Form the calculation results as q ijk (k = 1, 2, 3, 4, 5) of QoS attribute indexes in Step2.
Step 4: Calculate the information content I of each QoS attribute index according to the information axiom, and weight the information content of each resource. Sort the information content, and the one with the smallest content of information is the best.
The optimization process is shown in Fig.6 .
V. CASE STUDY
Taking the service seeking of a hydraulic pump product through the civil aircraft intelligent manufacturing service platform as an example, the above mixed information axioms are used to optimize the manufacturing services.
A. QoS MODELING OF IOMT
(1) Identify the QoS perception model of manufacturing services: S QoS = {q 1 , q 2 , q 3 , q 4 , q 5 } which represents cost, response time, task unfinished rate, resource reputation and resource flexibility in turn. The user's task request description, i.e. design range, is shown in Table 1 . From table 1, we can see the type of attribute q 1 , q 2 , q 3 are deterministic variables, the type of attribute q 4 is fuzzy variable, and the type of attribute q 5 is mixed uncertain variable. The design range of q 1 , q 2 , q 3 are interval numbers and the design range of q 4 , q 5 are fuzzy numbers.
(2) Determine design range and system range. The design range is determined by user needs (as shown in Table 1 ). The evaluation term set and membership function of the design range are shown in Fig.7 :
In most cases, lognormal distribution is the best distribution that should be used for system range. In this paper, lognormal distribution is used to describe q 5 , and its logarithm satisfies normal distribution N (µ, σ ). Table 2 lists the system range of the indexes for the 5 schemes.
In table 2, the system range of each index is shown. The system range of q 1 , q 2 , q 3 are interval numbers, the system range of q 4 is fuzzy number and the system range of q 5 obeys the normal distribution. Calculate the information content of q 1 , q 2 , q 3 according to the traditional information axiom.
Taking the scheme a 1 as an example, design range of index q 1 is [65], [75] , and system range is [0, 65] t, so the common range is [0, 65] t. According to (2) and (3):
The result is shown in Table 3 . The index q 4 is a fuzzy variable, so we can calculate its success probability and information content according to formula (4) . The calculate result of q 4 is shown as in Table 4 .
Among them, q 1 , q 2 , q 3 are calculated based on the traditional information axiom, and q 4 , q 5 are calculated based on fuzzy information axiom. The traditional information axiom does not take into account the fuzziness of the randomness index, So we can only use the method of fuzzy information axiom to solve q 5 , its calculation results of information content are shown in Table 5 . The total information content of each scheme and the sort of schemes are shown in Fig.8 .
As can be seen from Fig.8 , the total information of a 1 is 1.7924, the total information of a 2 is 4.7487, the total information of a 3 is 2.7917, the total information of a 4 is 3.1338, and the total information of a 5 is 0.2331. According to the principle of minimum information content, we can judge that a 5 is the optimal service scheme. The service provider has the best comprehensive evaluation in cost, response time, task unfinished rate, resource reputation and resource flexibility. The preferred order is a 5 > a 1 > a 3 > a 4 > a 2 . 
C. OPTIMIZATION BASED ON MIXED INFORMATION AXOM UNDER UNCERTAIN CONDITION
According to the mixed uncertain index algorithm proposed in sections II and III, calculate the information content of q 5 .
According to section III on the algorithm process of mixed uncertain index information, take the index q 5 of program a 1 as an example:
Step 1: Calculate the probability distribution function of the random variable.
Step 2: Determine the membership function µ(x) of the upper bound of design range Ã, the upper bound is ''middle'' VOLUME 6, 2018 and its level cut (α = 0) can be expressed as [24] , [72] .
0, others
Step 3: A series of uniformly distributed discrete points x i (53, 53 ± 2.7, 53 ± 2 × 2.7, 53 ± 3 × 2.7) is obtained in interval [24] , [72] .
Step 4: Calculate the membership degree µ (x i ) of each discrete point x i and the weight w i of the function value: Step 5: Calculate the probability of success at each discrete point:
Step 6: Calculate the probability of success and the information content for this index:
The result of q 5 is shown in Table 6 . The total information content of each scheme and the sort of schemes are shown in Fig.9 . From Fig.9 , the total information of a 1 is 1.293, the total information of a 2 is 3.5456, the total information of a 3 is 3.3501, the total information of a 4 is 1.5419, and the total information of a 5 is 1.064. According to the principle of information axiom, the design with the smallest information content is the best, we can see that a 5 is still the optimal service scheme. But the preferred order has been changed to The total information content comparison between mixed information axiom and traditional information axiom is shown in Fig.10 .
From Fig.10 , we can see that the ranking a 5 > a 1 > a 3 > a 4 > a 2 of traditional information axiom is slightly different from the ranking a 5 > a 1 > a 4 > a 3 > a 2 of the method proposed by this paper.
Although a 5 is still the optimal resource, the order of alternative resource information content has changed. Since the proposed method is used to evaluate the system range as a random variable, the fuzzy number is used to describe its design range, which can more effectively express the intention of decision makers in the actual evaluation process. The traditional information axioms represent the design range of these indexes into quantitative values, without considering the fuzziness of the evaluation value. Some information is lost and the calculation results are not accurate enough. Therefore, the method proposed in this paper is more effective and practical.
VI. CONCLUSIONS
More and more manufacturing services are provided for the same or similar functions in the IMOT environment. Faced with a large number of homogeneous services, how to choose the best manufacturing services from them is a multi-factor mixed uncertain decision-making problem. A QoS optimization method based on mixed information axioms is proposed for the optimization of manufacturing services in the IOMT environment.
The contribution of the research can be summarized as follows:
(1) By considering the uncertain factors in the process of IOMT service, a mixed uncertainty model which is expounded with random variables to express the range of system and fuzzy variables to describe the design range is established. The applications of IOMT are at its primary stage, more researches are in demand in the areas such as decisionmaking, intelligent processing, optimal control of manufacturing resource information and product information. The proposed method can be used to apply in these areas. However, sometimes the randomness or fuzziness of attribute values cannot be expressed accurately, and then the method in this paper cannot be applied. The next step is to introduce an uncertain inverse cloud algorithm. The quantitative information representation will be transformed into qualitative concept, and each scheme will be qualitatively compared by using cloud characteristic parameters, so as to further analysis and make decisions on the schemes.
